We report on measurements of variation in metal-insulator transition characteristics through thickness in VO 2 film grown on model SiO 2 gate insulator by nanometric scale controlled etching followed by electrical and compositional measurements. The phase transition magnitude defined as ratio of resistivity at 25°C to that at 100°C of VO 2 decreases from ϳ159 at the surface to ϳ14 at ϳ10 nm away from a VO 2 / SiO 2 interface, showing a difference of Ͼ10 times, while that for a VO 2 thin film grown with identical conditions on single crystal sapphire only shows ϳ3 times difference. The off-stoichiometric composition near the VO 2 / SiO 2 interface induced by unoriented growth on amorphous SiO 2 is likely responsible for the dramatic change in transition characteristics. © 2011 American Institute of Physics. ͓doi:10.1063/1.3590920͔
There is great interest in exploring electronics with correlated oxides that undergo sharp phase transitions in the vicinity of room temperature.
1 Examples include but are not limited to Mott field effect transistor ͑MottFET͒ ͑Refs. 2 and 3͒ and nonvolatile memory 4 device technologies. VO 2 is considered to be a promising candidate for MottFET devices, 5 due to its near-room-temperature insulator-to-metal transition ͑IMT͒ ͑Ref. 6͒ and recently observed electrically triggered IMT, 5, 7 in which an electric voltage/field bias or carrier injection triggers a sharp resistance change. For such devices, it is crucial to understand synthesis protocols of phase transition layers on gate insulators and further composition control in the vicinity of surfaces and gate stack interfaces. Compositional variations ͑or nonstoichiometry due to multiple cation valence states and/or Magneli phases͒ can influence the electronic structure and phase transition properties 8, 9 and further affect charge injection phenomena. While it is known that the transition resistance ratio varies in VO 2 films grown on different substrates, the origin is not well understood. Further, no studies have addressed nanoscale depth dependent compositional variations and their impact on phase transition characteristics to the best of our knowledge. Hence, it is of importance to understand the electrical conduction properties of such oxide layers as a function of thickness and also the role of compositional variations in influencing carrier transport. In this letter, we present results on thickness dependence of metal-insulator transition properties in VO 2 grown on amorphous SiO 2 gate insulator layers and single crystalline Al 2 O 3 substrate along with careful spectroscopic characterization to provide mechanistic insights. We show the role of compositional variation across thickness in influencing the metal-insulator phase transition characteristics of VO 2 . The results could be of broader relevance in understanding functional properties of devices incorporating correlated oxides containing multivalent cations.
VO 2 thin films were grown simultaneously on amorphous SiO 2 ͑100 nm͒ coated ͑100͒ Si substrates ͑p + ,1-5 m⍀ cm͒; and on single crystal ͑0001͒ sapphire substrates under identical growth conditions using radio frequency ͑rf͒ magnetron sputtering. The VO 2 thin films grown on sapphire were employed as reference samples of VO 2 grown on SiO 2 -on-Si. V 2 O 5 target was used as the sputtering source with target gun plasma power of 120 W. The growth temperature, pressure, and gas flow rate are 550°C, 10.0 mTorr, and 99.25 SCCM Ar plus 0.75 SCCM O 2 , respectively. The film thickness is ϳ210 nm for both samples. VO 2 grows in a polycrystalline form on amorphous SiO 2 while it is highly textured on sapphire due to superior lattice matching. 10, 11 The samples were cut into small pieces with similar sizes. Half surface of each small piece of VO 2 samples was coated with Shipley 1813 photoresist ͑PR͒ ͑while the other half surface remained exposed͒. Dry etching was carried out on these half-PR-coated samples at room temperature using a reactive ion etcher. During the dry etching, the pressure, forward plasma power, and gas flows were ϳ75 mTorr, ϳ100 W, and 5.0 SCCM CF 4 plus 10.0 SCCM Ar, respectively. After dry etching, the PR was removed by acetone. The etched film thickness was measured using a Veeco Dektak 6M profilometer in a line scan across the step at the boundary of the dry etched and unetched ͑which was covered by PR during dry etching͒ areas. The etching rates for VO 2 -on-SiO 2 and VO 2 -on-sapphire are ϳ1.2 nm/ s and ϳ0.6 nm/ s, respectively. After thickness measurements, the VO 2 samples were cleaved along the boundary of the dry etched and unetched areas with diamond scriber, with the dry-etched ones used for electrical property and compositional analyses toward depth-dependent profiles. The resistivity of the VO 2 samples was measured in van der Pauw 12 geometry using a Keithley 2635 source meter integrated with a temperature controllable probe station. The x-ray photoelectron spectroscopy ͑XPS͒ was performed in a chamber with background pressure of ϳ10 −8 Torr. Al K ␣ radiation was used as the x-ray source. Figure 1͑a͒ shows through thickness map of the temperature dependence of the resistivity of the VO 2 thin film grown on SiO 2 during heating from 25 to 100°C at temperature increments of 5°C. The color bar at right-hand side shows the resistivity in log scale. The vertical axis of thickness "t ͓nm͔" is referenced from the VO 2 / SiO 2 interface, i.e., "͑210− t͒ ͓nm͔" film was etched away from the surface. of the VO 2 thin film on SiO 2 during both heating and cooling in 25-100°C range with a step increment of 5°C. Figure  2͑a͒ shows the 25°C resistivity ͑up triangles͒, 100°C resistivity ͑down triangles͒, and resistivity ratio ͑circles͒ between 25 and 100°C at different thickness of VO 2 -on-SiO 2 . The 25°C and 100°C resistivity of VO 2 increase from 0.07 and 4.5ϫ 10 −4 ⍀ cm at the surface to 0.15 and 0.01 ⍀ cm at ϳ10 nm away from the VO 2 / SiO 2 interface. Hence, the phase transition magnitude ͑defined as 25 / 100 where the subscripts refer to the temperature in degree Celsius͒ of the VO 2 decreases from ϳ159 at the surface to ϳ14 at ϳ10 nm away from the VO 2 / SiO 2 interface, showing a difference of Ͼ11x. Figure 2͑b͒ shows thickness-dependent resistivity at 25 and 100°C and their ratios for the reference VO 2 -on-sapphire sample. The phase transition magnitude only decreases 3x, with values of ϳ8769 at the surface to ϳ2914 at ϳ10 nm away from the VO 2 /sapphire interface. Figure 2͑c͒ shows the phase transition temperatures ͑tri-angles͒ during heating up and cooling down and hysteresis width ͑circles͒ at different thickness of VO 2 -on-SiO 2 . The phase transition temperatures are determined from Gaussian fitting on the differential of logarithmic resistivity over temperature. 13 The phase transition hysteresis width is defined as the difference between heating ͓T c ͑up͔͒ and cooling ͓T c ͑down͔͒ transition temperatures. The T c ͑up͒ fluctuates slightly between 59 and 62°C within the whole thickness range of the VO 2 while T c ͑down͒ decreases significantly from ϳ60°C at the surface to ϳ51°C near the interface, consequently an evident hysteresis width increase from ϳ2.4 to ϳ10.3°C is observed. Figure 2͑d͒ shows the phase transition temperatures and hysteresis width at different thickness of VO 2 -on-sapphire for comparison. Both T c ͑up͒ and T c ͑down͒ only fluctuate slightly within the whole thickness range of the VO 2 with negligible hysteresis width change ͑within the error bar͒. Since the VO 2 thin film on sapphire shows quite uniform phase transition characteristics across the film thickness, film growth on the amorphous SiO 2 layer is likely to be responsible for the observed inhomogeneity. The variation across thickness is different for an oriented film grown under identical conditions on single crystal sapphire as discussed. In order to clarify the possible reasons, XPS studies were carried out as a function of depth. 
FIG. 2.
͑Color online͒ ͓͑a͒ and ͑b͔͒ The 25°C resistivity ͑up triangles͒, 100°C resistivity ͑down triangles͒, and resistivity ratio ͑circles͒ between 25 and 100°C at different thickness of VO 2 -on-SiO 2 and VO 2 -on-sapphire. ͓͑c͒ and ͑d͔͒ The phase transition temperatures ͑triangles͒ during heating up and cooling down and hysteresis width ͑circles͒ at different thickness of VO 2 -on-SiO 2 and VO 2 -on-sapphire.
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Figures 3͑a͒ and 3͑b͒ show depth-dependent highresolution XPS ͑HR-XPS͒ spectra of VO 2 -on-SiO 2 . Figure  3͑c͒ shows the approach employed here for composition analysis based on O 1s and V 2p 3/2 peaks, using 140 nm depth XPS curve as an example. The stoichiometry is reflected by the effective integrated XPS peak area ratio ͓͑I O 1s / RSF O 1s ͒ / ͑I V 2p 3/2 / RSF V 2p 3/2 ͔͒, where I O 1s and I V 2p 3/2 are integrated peak intensities of the O 1s and V 2p 3/2 XPS peaks after Shirley background subtraction. The RSF O 1s and RSF V 2p 3/2 are the XPS relative sensitivity factors of O 1s and V 2p 3/2 peaks, with the values of 2.93 and 6.37 employed here, respectively. Least-square fitting with CASA-XPS package was performed to deconvolute the oxygen peak into two, one from the VO 2 while the other arises from surface contamination due to sample preparation. Control experiments were carried out to ensure preferential sputtering did not skew the results. Figure 3͑d͒ shows the depth-dependent ratio between O and V atoms for VO 2 thin films grown on SiO 2 ͑circles͒ and on sapphire ͑diamonds͒. The vanadium:oxygen stoichiometry for VO 2 -on-sapphire is nearly uniform across the thickness except at the surface. The VO 2 -on-SiO 2 is near-stoichiometric until ϳ100 nm into the thin film, at which off-stoichiometry emerges evidently. The significant off-stoichiometry in VO 2 -on-SiO 2 could contribute to the phase transition property variation across thickness. These results are crucial toward fabricating high quality functional correlated oxide layers on gate dielectrics since the near-interface region is crucial for quasi-two-dimensional conducting channels and also for realizing field effect in various single or multiple gated architectures.
In summary, depth-dependent phase transition characteristics and the role of compositional variation have been investigated in VO 2 thin films grown on amorphous SiO 2 gatedielectric layers and single crystal sapphire. The resistivity trends across the metal-insulator transition show substantial depth dependence that arises from compositional complexity. We anticipate these results would be of relevance in designing gated structures for field effect devices incorporating complex oxides as well as understanding properties of VO 2 films grown on various substrates.
We acknowledge Office of Naval Research Grant No. N00014-10-1-0131 for financial support. FIG. 3 . ͑Color online͒ ͓͑a͒ and ͑b͔͒ Depth-dependent HR-XPS spectra of VO 2 thin films on SiO 2 showing O 1s and V 2p peaks. The curves are vertical shifted for clarity in ͑a͒. The number on top of each XPS curve denotes the depth position from top surface of the film. ͑c͒ Elemental composition analysis based on O 1s and V 2p 3/2 peaks taken from a representative VO 2 thin film. ͑d͒ Depth-dependent composition of VO 2 thin films grown on SiO 2 ͑circles͒ and on sapphire ͑diamonds͒ derived from HR-XPS spectra using the approach demonstrated in ͑c͒.
